Response of American Electric Power to Draft Dam Assessment Report Recommendations
Philip Sporn Plant

At the request of the U.S. EPA, American Electric Power has reviewed the recommendation section of the
draft Dam Assessment Report prepared by Dewberry for the fly ash and bottom ash ponds at the Philip
Sporn Plant. In summary, AEP is in general agreement with some of the recommendations, but strongly
disagrees with the conclusion that the facilities are “rated as poor” for continued safe and reliable
operation. American Electric Power believes a “Fair” or better rating is warranted based on the following:

e The facilities have been designed, permitted, monitored and maintained in accordance with the
requirements of the West Virginia dam safety regulations and in accordance with the standards of
good engineering practice. The facilities have been routinely inspected by qualified staff of the
West Virginia Department of Environmental Protection and have undergone a number of
professional engineering assessments by recognized experts since the Kingston failure.
Additionally, the facilities undergo routine inspection by plant personnel and annual inspections
by qualified professional engineers.

e Inresponse to the TVA Kingston impoundment failure, AEP worked with the WVDEP Dam Safety
Office to re-evaluate the integrity and safety of these facilities. Those reviews again confirmed
that the Sporn ash ponds are stable and safe. The following inspections and investigations have
been performed in 2009 and support the conclusion that the facilities are stable and safe:

- Independent professional engineer detailed inspection with findings that concluded “ the
overall condition remains good” and specific work was needed to address localized
surface sloughing and erosion repairs: February 12, 2009

- WV Department of Environmental Protection dam safety inspection (March 11, 2009) with
recommendations that indicated the need for additional studies for a 100-year Ohio River
flood scouring potential of the eastern embankment and the repair of the surface
sloughing on the down stream embankment slopes: Scour analysis has been completed
and there is not need for special revetment of the slope. An application for the approval of
the modifications necessary to improve the down stream slopes of the facility is currently
under review by the regulatory agency. We are awaiting final approval to proceed with
the repairs.

- Fulfilled an Order from WVDEP to perform a number of detailed structural integrity and
safety investigations. Following the completion of the item outlined in the order, DEP
closed the Order on May 27, 2009.

- AEP engineering staff inspection on August 27, 2009, including a review of the
monitoring and surveillance data, concluded that the facility was overall in “good
condition” with the need with the surface repairs noted..

- Performed quarterly dam deformation surveys at 30 points around the ponds to detect
movement. All findings were within normal parameters.

- Installed additional wells to monitor water levels within the dikes to further improve our
monitoring and surveillance efforts.

- Performed additional soil borings and laboratory analyses to confirm the strength of the
soils in the dikes and foundations. No issues or abnormalities were found.

- Performed analyses to confirm the "factor of safety" in the dike design and construction
and all safety factors met or exceeded required standards.

- Evaluated the potential for effects from underground mine subsidence in the area. No
problems were found.

Page 1 of 3



AEP has thoroughly reviewed the Kingston root cause report and worked with Mr. Barry Thacker,
P.E., owner of GeoEnvironmental, Inc., and others to understand the Kingston failure. As a result
of these reviews, AEP has concluded that the unique conditions that led to the failure at Kingston
do not exist at the Philip Sporn facilities.

Itis AEP’s understanding that the “poor” rating in the draft report is driven primarily by three issues:

1.

Liguefaction concerns associated with the use of fly ash and bottom ash as a material of
construction for foundations and existing dikes.

Surface sloughing, erosion surface irregularities of some of the bottom ash and fly ash
embankments.

Slope stability issues related to ground vibration induced by the nearby railroad.

The draft report contains recommendations for conducting field remediation and additional analyses to
address these issues. AEP provides the following response to these three noted items:

1.

Liquefaction concerns associated with the use of fly ash and bottom ash as a material of
construction for foundations and existing dikes. AEP concurs with the statement in the draft
report that fly ash materials may be susceptible to liquefaction under certain conditions. The draft
report contains a recommendation to perform analyses to determine the potential for soil
liquefaction. Studies have been completed and based on those studies AEP has concluded that
the conditions necessary to liquefy the fly ash located in the embankments and foundations at the
Philip Sporn site are not present. Attachment A provides additional information and copies of the
relevant studies.

Surface sloughing, erosion surface irregularities of some of the bottom ash and fly ash
embankments. AEP agrees that this condition needs to be corrected and has been monitoring
the condition and working with the WVDEP to implement remedial measures. AEP has submitted
a formal design modification request to WVDEP to implement field improvements to eliminate the
surface sloughs and erosion gullies. We expect to receive approval to implement the remedial
measures and will initiate and complete the field work as soon as possible. This work will result
in greater than one acre of soil disturbance, thus requiring approval under the WV general permit
for storm water discharges associated with construction activity. Attachment B to this package
provides a detailed description of the status of these activities and the plans going forward.

Slope stability issues related to ground vibration induced by the nearby railroad. AEP is
fully aware of the localized repair needed to address the shallow surface instability and this work
was included in the above permit request to the WVDEP. Steps to repair surface instability on
the fly ash pond dike will be completed. AEP will also complete vibration measurements and
analysis of the fly ash pond dike caused by the railway traffic. Thereafter, AEP will prepare a
report summarizing the results of the monitoring and analyses. Attachment C provides additional
information on this issue. The proposed remedial measures for the fly ash pond dike will be
similar to those previously completed in 2002 for the bottom ash pond dike. The bottom ash dike
has not experienced further instability following those repairs.

In addition, we note that the EPA news release dated October 29, 2009 stated that “EPA contractors
identified factors at the AEP Sporn facility that are similar to the Kingston facility — specifically, both
facilities piled coal ash and bottom ash around the impoundment to raise the impoundment’s walls.” In
response to that statement, AEP provides a draft “white paper” found in Attachment D which summarizes
many of the critical differences between the Sporn and Kingston facilities. After reviewing this
information, the liquefaction information submitted in attachment A and the previously submitted design
information for the facilities, we believe EPA and its contractor will conclude that the Sporn facility is
stable and safe, and that the proposed “poor” rating is not justified.
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AEP requests EPA’s thoughtful consideration of these comments and concurrence that we have provided
compelling justification to warrant a revision of the overall rating of these facilities to a rating of “fair” or

higher. As also requested by EPA, AEP will provide additional comments on the entirety of the draft
report by the November 30, 2009 deadline.
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ATTACHMENT A
STUDIES IN RESPONSE TO COMMENTS REGARDING POTENTIAL FOR LIQUEFACTION OF EMBANKMENT
AND FOUNDATION SOILS
U.S. EPA DIRECTED DAM SAFETY ASSESSMENT
PHILIP SPORN PLANT — MASON COUNTY, WEST VIRGINIA

Response to contractor’s conclusion that fly ash material strata may be susceptible to liquefaction
under certain conditions and associated recommendation for further study.

We concur with the US EPA inspector that “fly ash material strata may be susceptible to
liguefaction under certain conditions.” We believe that the requested studies have been conducted and
based on those studies, have concluded that the conditions necessary to liquefy the fly ash located in
the embankments and foundation soil of the impoundments are not present at the site of the Philip
Sporn Plant due to its geologic and seismic setting (anticipated ground accelerations in the range of
0.06g as indicated by the US EPA inspector).

The liquefaction potential of fly ash has been understood within the engineering profession
since at least the early 1970’s, (Casagrande, Gandhi 1999, Wolfe 2007, Wolfe 2009) even though it has
not been highly publicized. In order to liquefy fly ash, and for that matter any material, it is imperative
that a mechanism capable of inducing high pore pressures in the materials exists, triggering a resulting
overall lost of strength of the material. Thus, the efforts associated with the study of the liquefaction of
fly ash have focused on understanding the triggering mechanism of the behavior.

In 2005, American Electric Power commissioned an evaluation of the liquefaction of ponded ash
at The Ohio State University. In this work, samples of ponded fly ash were re-constructed to different
densities and subjected to cyclic loading until liquefaction was achieved. Based on the results of these
tests, relationships were developed between the imposed shear stress ratio and the number of cycles to
liquefy fly ash to assist in design and review efforts of AEP’ facilities. In addition, ground response
analyses were performed using design accelerations of 0.08g and 0.15g. These accelerations were
selected as they represent the upper range of accelerations induced by credible earthquakes within the
locations of AEP Fly Ash impoundments. The results of The Ohio State University research revealed that
ground accelerations of these magnitudes were not capable of inducing liquefaction of the fly ash.
(2005). These results were published by the researchers in peered reviewed conferences and journals.
Liquefaction studies in ponded ash conducted by Gandhi (1999) concluded that there is no risk of
liquefaction for ash deposits located in earthquake zones where the values of the acceleration do not
exceed 0.211g. The results of the Ohio State evaluation are in agreement with the conclusions drawn on
the basis of Gandhi’s 1999 research.

It is worth mentioning, that the raising of the eastern dike of the Fly Ash pond at the Sporn Plant
was planned and constructed under the technical supervision of Arthur Casagrande as AEP consultant in
1972 (Amaya 1998) who was well aware of the liquefaction potential of fly ash. In summary, AEP has
studied the liquefaction potential of fly ash and concluded that the conditions necessary for the
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liguefaction of the ash materials located in the embankments and foundation soil of the impoundments

are not present at the site of the Philip Sporn Plant due to its geologic and seismic setting.
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Abstract

The objective of this study was to evaluate the liquefaction potential of impounded fly ash
material from a power plant of American Electric Power (AEP). Standard cyclic triaxial tests
were performed on reconstituted samples at various relative densities, confining stresses, and
cyclic stress ratios. After cyclic triaxial tests, samples were reconsolidated at the initial effective
confining stress and subjected to consolidated undrained (CU) triaxial tests to determine the
static undrained shear strength. Additional CU tests were performed to determine the initial static
undrained shear strength. The design seismic loading in terms of cyclic stress ratio and
equivalent number of cycles were obtained from ground response analyses using SHAKE. The
cyclic loading imposed by the design earthquakes was founded to be lower than the cyclic

strength of the fly ash material.
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Chapter 1 Introduction

1.1 Project Objective

The objective of this research was to evaluate the liquefaction potential of impounded fly ash
material from a power plant of American Electric Power (AEP). This evaluation, which includes
a laboratory cyclic behavior characterization combined with an equivalent-linear seismic ground
response analyses carried out with SHAKE, was needed to support the predesign analyses for a

proposed landfill design over the top of an existing fly ash pond.

1.2 Outline of Project

The impounded fly ash material provided by AEP to OSU for investigation was produced by the
Mitchell power plant. The specific gravity, grain size distribution, and the standard proctor
compaction test results were provided by AEP. The cyclic strength of the fly ash material was
measured using standard cyclic triaxial strength test method according to ASTM D5311. A total
of 18 reconstituted samples were prepared and tested with the cyclic triaxial testing method.
These samples were prepared using either wet tamping or wet pouring methods to obtain three
different density levels. The test matrix variables included the confining stress, shear stress, and

the relative density of the material. After cyclic triaxial tests, most of the samples were




reconsolidated at the initial effective confining stress and subjected to consolidated undrained
(CU) triaxial tests to determine the static undrained shear strength. Additional four CU tests (one

for each relative density) were performed to determine the initial static undrained shear strength.

One-dimensional equivalent linear ground response analyses were carried out on two typical soil
profiles of the fly ash pond based on the information given by AEP to estimate the threat
imposed by design seismic events. The liquefaction potential of the fly ash material was
evaluated based on the comparison of the loading conditions required to trigger liquefaction
obtained in the laboratory cyclic triaxial tests and the calculated earthquake-induced loading

from ground response analyses.

Details of the laboratory testing program and ground response analyses are presented in the next
chapter. Chapter 3 includes a discussion of results. Chapter 4 presents project summary and
conclusions. The detailed testing data and numerical analyses results are presented in the

appendices.




Chapter2  Testing Procedures and Numerical Analyses

All laboratory tests and numerical modeling was carried out in the Soil Mechanics Laboratory of
the Department of Civil and Environmental Engineering and Geodetic Science at The Ohio State

University.

2.1 Sample Preparation and Testing

Samples were prepared with 86%, 90%, 95%, and 105% of maximum dry density obtained from
standard Proctor test (ASTM D 698). The samples were made using either wet tamping or

pouring method.

2.1.1 Wet Tamping Method

All the samples were compacted in Harvard Miniature molds (1.31” in diameter, 2.8 in length)
using a 25 1b hand tamper. Each sample was compacted in five equal lifts in such a way that the
last compacted lift be about 0.5” above the top level of the mold. The top surface of each layer
was roughed up before adding the next later to allow a better bonding between the layers. In

order to find the proper compaction effort for each lift, calibration compaction tests were




conducted and compaction curves were established for various moisture contents and number of
tampers per lift. Figure 2.1 shows two examples of such curves. The obtained curves then were
utilized to compact samples with desired target relative dry density. The samples were weighed,
and their height, diameter, and moisture content were measured to calculate the actual dry

densities. Samples with density more than 1% off the target dry density were discarded.

Compaction Test

95.0
90.0
&
» —@— Standard Proctor Test
— 85.0 (ASTM D 698 91)
£
E =
= /J/ 3
= -
=) 80.0 A Miniature Mold , 25
; a a tampers per lift
: =
=]
£ 750 % Miniature mold, 50
tampers per lift
700
650
15% 20% 25% 30%

Water Content (%)

Figure 2.1 Calibration of Compaction Effort for Harvard Miniature Samples




Immediately after compaction, each sample was mounted in the triaxial chamber with dry
drainage lines. Oven dried porous stones were placed at the two ends of the sample and the
membrane was installed. A small vacuum pressure (5 to 10 psi) was applied to the top of the
sample and kept for at least two hours to remove some air out of the sample. The dimensions of
the sample were measured once more after the application of vacuum. The bottom drainage
valve was then opened to let distilled de-aired water flow into the sample from bottom to top.
While the water was drawn into the sample the vacuum pressure was allowed to decrease by 1
psi and a cell pressure of 1 psi was applied. The vacuum pressure was kept constant thereafter
until the top drainage lines became saturated. The vacuum pressure was then removed. Cell
pressure and back pressure were increased simultaneously with a maximum step size of 2 psi.
Each sample was kept under 15 psi or 20 psi back pressure for a few days with a relatively low
pressure gradient to keep water flowing from bottom to top. The B-value of each sample was
measured during this time to inspect degree of saturation. Samples with B-value greater than
0.97 were considered fully saturated. Whenever the minimum B-value of 0.97 was not achieved
in few days, the back pressure was increased to speed up saturation process. The average time
needed to saturate the samples varied from 24 hrs for 85% compacted samples to one week for

105% compacted samples.

2.1.2 Wet Pouring Method

Samples were made in several layers. For each layer about 20 grams of dry fly ash was poured
into a 500 ml flask. Distilled water was added into the flask to raise the water level at about 0.5”

above the fly ash layer. The mix was boiled for approximately 20 minutes to minimize dissolved
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air. After the temperature of the mix decreased to room temperature, the flask was filled with
distilled de-aired water. A split miniature mold with a stretched membrane inside it was installed
on the bottom cap of a triaxial chamber. The mold was filled with distilled de-aired water and a
saturated porous stone was placed at the bottom. To make the first layer of the sample, the flask
was turned upside-down and the tip was placed inside the mold at about one inch above the
bottom to allow fly ash to settle. The rest of the layers were made in a similar manner by placing
the tip of the flask one inch above the previous layer, except the last layer (usually the fourth
layer was the last one) for which the tip was placed level to the mold top. Since the material was
very fine, each layer of fly ash was given at least two hours to settle. Finally the top porous stone
and cap were installed and 5 psi vacuum pressure was applied to the sample. Then the mold was
removed by splitting and the dimensions of the sample were measured. Sample weight was
determined by subtracting the weight of leftover material from the total weight of material that
had initially been poured into the flasks. The weight of the sample was double checked after the
accomplishment of cyclic and undrained triaxial tests. When the sample was removed from the
triaxial chamber, efforts were made to avoid losing any materials while removing the membrane.
The sample was weighed, oven dried and weighed again to determine dry weight and moisture
content. One advantage of wet pouring method is that the placed sample is saturated and can be

tested immediately.

2.1.3 Cyeclic Triaxial Test

In order to apply extensional loads to the samples, the existing triaxial chambers were modified

by attaching a loading rod to the aluminum top cap using a threaded stud. The cyclic triaxial tests
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(ASTM D 5311, see Appendix C) were performed using an MTS hydraulic load frame with
dynamic capabilities controlled by an MTS Test Star Controller. The triaxial cell loading rod was
connected to the cyclic loading actuator with a custom-made connection. This connection, the
modified loading rod, and aluminum top caps were designed and made in the Physics Machine
Shop at The Ohio State University. A 100 1b load cell was installed between the connection and
the attachment to measure deviator load. An LVDT was attached on the loading rod to measure

and record sample axial deformations.

For each test a saturated sample was consolidated under the desired effective confining stress by
closing the drainage valves, increasing the cell pressure, and opening the bottom drainage valve,
thereafter. In order to compensate for the rod uplift force, a mechanical force equal to the cell
pressure times the cross-section area of the rod was applied to the rod. Sample axial deformation
and the volume of water squeezed out during consolidation were measured. The samples were
consolidated by draining water from the bottom, while the water pressure was being monitored at
the top to measure the excess pore water pressure dissipation. Due to the high permeability of the
samples (of the order of 10™* cm/sec) the primary consolidation typically took less than 15
seconds. The triaxial chamber then was mounted into the load frame and the cyclic test was
conducted in a stress-control mode. During the test, cell pressure was monitored and sample pore
water pressure and deformation, as well as the deviator load were recorded continuously with a
sampling rate of 100 Hz. The water pressure was measured at the bottom of the sample.

The applied cyclic load was a full sine wave cycling around the zero load as specified in ASTM

D 5311. Various effective stresses and shear stress ratios were selected to develop cyclic strength




curves. The loading frequency was selected to be 0.5 Hz except for one case where a frequency

of 1 Hz was used.

Each sample was designated with a sample ID which indicates its relative density, initial
confining pressure, and cyclic stress ratio. For instance, “85C-20-13" means the sample was
compacted at 85% of maximum dry density, consolidated under 20 psi effective confining

pressure, and tested at a 0.13 cyclic stress ratio.

During the cyclic tests, sample pore water pressure increased with a rate that was a function of
cyclic stress ratio, relative density, and effective confining pressure. Liquefaction was identified
as the excess pore water pressure reaching an asymptotic level of the initial effective confining

pressure accompanied with a dramatic increase in the axial deformation (Figure 2.2).
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Figure 2.2 Identification of Liquefaction for Cyclic Traxial Tests

2.1.4 Consolidated Undrained Shear Test

The undrained shear strength of the samples was measured after liquefaction. These tests were
performed in accordance with the ASTM 4767 using a strain control Instron load frame. Axial
deformation and load were measured by the internal LVDT and load cell of the frame and
collected by the controlling software at a sampling rate of 1 Hz. Sample pore water pressure was
collected simultaneously on a separate computer using a National Instruments data acquisition

system.




2.2 Ground Response Analyses

Ground response analysis was used to predict the ground surface motions and estimate the
earthquake-induced stresses and strains for evaluation of liquefaction potential for a design
earthquake input motion. This section describes the steps involved in the one-dimensional

equivalent linear ground response analysis using a widely used computer program SHAKE.

2.2.1 Equivalent Linear Approximation and SHAKE

Ground response analysis is typically performed by either equivalent linear analysis or nonlinear
analysis. In an equivalent linear analysis, the soil stiffness and damping characteristics are
adjusted until they are compatible with the level of strain induced in the soil. In a nonlinear
analysis, the non-linear stress-strain behavior of soil is considered by integrating equations of
motion in small time steps. Both methods have been used successfully for ground response
analysis while the equivalent linear analysis approach is generally more computational efficient
(Kramer, 1996). The one-dimensional equivalent linear approach has been coded into a widely

used ground response analysis computer program called SHAKE.
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2.2.2 Numerical Analysis

The one-dimensional equivalent linear ground response analysis was carried out using SHAKE

for two critical sections. The analysis procedure includes the following general steps:

1. Site Characterization

One or more critical profiles are developed for the site based on the results of laboratory and
subsurface investigation programs. Site characterization includes thickness, and unit weight for
each soil layer present at the site, and estimates of the dynamic soil properties (shear modulus or

shear velocity, modulus reduction and damping models).

2. Selection of Earthquake Input Motions
Appropriate earthquake (natural or synthetic) input motions are selected or developed to
represent the design bedrock motion for the site. Each input motion includes a suite of

seismological parameters (e.g., peak acceleration, time step, cut off frequency).

3. Ground Response Analysis with SHAKE
Ground response analysis is conducted using SHAKE with the prepared input parameters (site
characteristics and input motion). Output from the program typically includes the time histories

of acceleration, velocity, displacement, shear strain, and shear stress on the top of layers of

interest.
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4. Liquefaction Potential Evaluation
The liquefaction potential then can be evaluated by comparing the earthquake loading in terms of
equivalent number of uniform stress cycles and cyclic stress ratio with the liquefaction resistance

obtained from laboratory tests expressed in cyclic strength curves.
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Chapter 3  Results and Discussion

The complete laboratory test results are presented in Appendix A (Figures A.1 through A .45).
The detailed ground response analyses results can be found in Appendix B. A summary and
discussion of results of the ground response analysis and laboratory tests are presented in this

chapter.

3.1 Ground Response Analysis

Two soil profiles are developed for the site based on the results of laboratory and subsurface
investigation programs provided by AEP. Site characterization includes estimate of dynamic soil
properties (shear modulus or shear velocity, modulus reduction and damping models), thickness,
and unit weight for each soil and fly ash layer present at the site. The two soil profiles and

dynamic soil properties were shown in the Tables 3.1-3.2 and Figures 3.1-3.2, respectively.

Based on wave propagation theory, the ground motion amplitude depends on the shear modulus
(G) or shear wave velocity (V) of near-surface materials. Measurements of the shear velocity
profile using seismic geophysical tests are generally considered the most reliable way to evaluate
the in-situ shear modulus using the following equation:

G, =pV? (.1)

where G, is maximum shear modulus and p is the density.
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Since the shear velocity measurements are not available in this study, the maximum shear
modulus of each layer was estimated based on empirical relationships in literature. The

maximum shear modulus of sand was estimated as
Gmax = IOOOKZ,max (o-m ')0 ’ (3 2)

where K, is determined from the void ratio or relative density and &,,'is mean principal

2,max

effective stress in 1b/ft? (Seed and Idriss, 1970). For fine grain materials, the maximum shear
modulus was obtained based on the undrained shear strength and the subsurface investigation
results (Kramer, 1996; Seed and Idriss, 1970). The maximum shear modulus of the bedrock was

estimated based on the typical shear wave velocity of sandstone (Burger, 1992).

The shear modulus of soil is known to be strain dependent. The shear modulus decreases as the
strain amplitude increases. The damping ratio characterizes the energy dissipation during
earthquake-induced stress wave propagation. In most engineering applications, standard curves
for various basic soil types are available although site specific curves can be derived from
laboratory tests and back-analysis (Kramer, 1996). In this study, standard curves were chosen
based on the soil type (Tables 3.1-3.2). Experimental studies on a broad range of materials have
shown that the shape of both modulus reduction and damping curves are influenced by the
plasticity index (Kramer, 1996). Since no specific curves for fly ash materials are available, the

curves developed for sands were selected for approximating fly ash material because of its low

plasticity.

14




The dry unit weight has relatively little variation with depth compared with the shear modulus.

The unit weight of each layer was determined based on the given subsurface investigation results

or assumed depending on the material type. The depths of ground water table for the two soil

profiles were given by AEP as observed in the ground water monitoring well data.

Table 3.1 Site Characteristics of Soil Profile A-A’

Unit
Layer Material Thickness Weicht Gmax Vs Modulus Damping
eil
Number Description (ft) ( gi) (ksf) (ft/sec) Reduction Curve
pc
Recompacted )
1 ) 10 125 3,885 1,000 Clay (Seed and Sun 1989) Clay (Idriss 1990)
Clay Liner
. Sand (Seed & Idriss) - Sand (Seed & Idriss)
2 Drainage layer 8 125 3,300 921
Average Average
Sand (Seed and Idriss .
3 Fly ash 10 100 1,000 567 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
4 Fly ash 10 100 1,200 621 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss )
5 Fly ash 18 100 1,400 671 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss
6 Fly ash 30 100 1,600 717 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
7 Fly ash 30 100 1,800 761 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
8 Fly ash 30 100 1,900 781 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
9 Fly ash 30 100 2,000 802 Sand (Idriss 1990)
1970)
10 Sandstone Infinite 140 135,360 5,571 Linear Linear

15
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Table 3.2 Site Characteristics of Soil Profile B-B’

Unit
Layer Material Thickness Gmax Vs Modulus Damping
Weight
Number Description (ft) (peh (ksf) (ft/sec) Reduction Curve
pc
Recompacted .
1 ) 18 125 3,885 1,000 Clay (Seed and Sun 1989) Clay (Idriss 1990)
Clay Liner
Sand (Seed & Idriss) - Sand (Seed & Idriss) -
2 Drainage layer 8 125 4,000 1,014
Average Average
Sand (Seed and Idriss
3 Fly ash 10 100 1,000 567 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss
4 Fly ash 10 100 1,200 621 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
5 Fly ash 20 100 1,400 671 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss .
6 Fly ash 20 100 1,600 717 Sand (Idriss 1990)
1970)
Sand (Seed and Idriss )
7 Fly ash 32 100 1,800 761 Sand (Idriss 1990)
1970)
8 Sandstone Infinite 140 135,360 5,577 Linear Linear

17
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Two natural earthquake input motions, El Centro and Taft, were selected to represent the design
bedrock motion for the site. Each input motion includes a suite of seismological parameters (e.g.,
peak acceleration, time step, cut off frequency). The peak accelerations of the input motions

were scaled to match the design acceleration specified by AEP as 0.08g and 0.15g.

Eight analyses were performed with two selected input motions and design peak acceleration
(Table 3.3). Output from the program included the time histories of acceleration, velocity,
displacement, shear strain, and shear stress on the top three fly ash layers and ground surface.

The positions of output are shown as green circles in Figures 3.1 and 3.2.

Table 3.3 Input Earthquake Motions

Analysis # Site Profile Earthquake Input Peak Acceleration
Motion
Al A-A° Taft 0.08 ¢
A2 A-A° Taft 0.15¢
A3 A-A’ El centro 0.08¢
A4 A-A’° El centro 0.15g
Bl B-B’ Taft 0.08 g
B2 B-B’ Taft 0.15g
B3 B-B’ El centro 0.08 ¢
B4 B-B’ El centro 0.15¢
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The common cyclic stress approach was used for liquefaction potential evaluation. In the cyclic
stress approach, the earthquake-induced loading is compared with liquefaction resistance of the
soil expressed in terms of cyclic shear stresses (Kramer, 1996). The transient and irregular time
history of earthquake-induced shear stresses obtained from the ground response analyses were
converted into an equivalent series of uniform stress cycles in order to compare with the cyclic
strength determined in laboratory tests. Based on the work of Seed et al. (1975a), the equivalent

number of uniform stress cycles (N, ) was determined by counting the stress cycles with

equ
amplitude greater than 65% of the peak cyclic shear stress (7, ) for a particular shear stress

time history as:

7, =0.657,,, (3.3)

Although different stress levels have been developed (e.g., Halder and Tang, 1981), 65% is most
commonly used (Kramer, 1996). The uniform shear stress is typically normalized by the initial

overburden stress to produce a cyclic stress ratio (CSR):

Tcyc
CSR=—2 (3.4)
0

Earthquakes generally produce shear stresses in different directions. Pyke et al. (1975) showed
that multidirectional shaking can cause pore water pressure to increase more rapidly than single
unidirectional shaking. Seed et al. (1975b) suggested that the CSR required to produce initial
liquefaction in field was about 10% less than the laboratory obtained values. Therefore,
equivalent number of uniform stress cycles and corrected CSR’ were compared with the
liquefaction resistance obtained from laboratory tests expressed in cyclic strength curves as:

CSR'=1.1CSR (3.5)
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The ground response analyses results are summarized in Table 3.4. The predicted maximum the
cyclic stress ratio of 0.14 was obtained from the analysis on the B-B’ profile with Taft

earthquake input motion at a peak acceleration of 0.15 g.

Table 3.4 Summary of the Results from Ground Response Analyses

Parameters Layer # depth(ft) oo (psf) T max{psf) Teye (PSf) Nequ CSR CSR’
A-A' 3 18 2250 310 202 4 0.09 0.10
Taft 4 28 3250 436 283 4 0.09 0.10

amax=0.08g 5 38 4250 536 348 4 0.08 0.09
A-A' 3 18 2250 397 258 6 0.11 0.13
Taft 4 28 3250 556 361 6 0.11 0.12

amax=0.15g 5 38 4250 682 443 6 0.10 0.12
A-A' 3 18 2250 279 181 8 0.08 0.09

El Centro 4 28 3250 382 248 8 0.08 0.08

amax=0.08g 5 38 4250 458 298 8 0.07 0.08

A-A' 3 18 2250 386 251 6 0.11 0.12
El Centro 4 28 3250 536 348 6 0.11 0.12

amax=0.15g 5 38 4250 655 426 6 0.10 0.11
B-B' 3 26 3250 407 265 6 0.08 0.09
Taft 4 36 4250 500 325 6 0.08 0.08

amax=0.08g 5 46 5250 541 352 6 0.07 0.07
B-B' 3 26 3250 620 403 5 0.12 0.14
Taft 4 36 4250 755 491 5 0.12 0.13

amax=0.15g 5 46 5250 806 524 5 0.10 0.11
B-B' 3 26 3250 393 255 6 0.08 0.09

El Centro 4 36 4250 494 321 5 0.08 0.08

amax=0.08g 5 46 5250 552 359 6 0.07 0.08

B-B' 3 26 3250 552 359 8 0.11 0.12
El Centro 4 36 4250 647 421 8 0.10 0.11
amax=0.15¢g 5 46 5250 717 466 8 0.09 0.10
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3.2 Laboratory Tests

3.2.1 Cyeclic Triaxial Tests

Figure 3.3 shows the cyclic strength curves derived from the laboratory cyclic triaxial tests (See
Table 3.5). As can be seen, the number of loading cycles to produce liquefaction decreases with
increasing shear stress ratio and with decreasing density. This relationship between the numbers
of cycles to liquefaction, density and cyclic stress ratio is also presented in Figure 3.4. Figure 3.5
compares the design earthquake loading predicted from the numerical analysis with the cyclic
strength curves obtained from laboratory tests. In Figures 3.3 and 3.5, the solid lines demonstrate
suggested curves for 20 psi effective confining pressure for three different relative densities of
85%, 95%, and 105%. The laboratory test results also indicated that the initial confining stress
has a noticeable effect on the liquefaction behavior of fly ash material. When the samples with
the same density were tested under the same CSR, the samples with lower effective confining
stress level demonstrated higher liquefaction resistance. The two dashed lines in Figures 3.3 and
3.5 show the suggested curves for the test results from the samples with 95% relative density and
consolidated at 10 and 50 psi confining pressure, respectively. Therefore, the most critical
earthquake loading for liquefaction is the combination of high CSR, high initial confining stress

and high equivalent number of cycles.

22




The predicted CSRs and the corresponding equivalent number of cycles (See Table 3.4) are
plotted as open black circles in Figure 3.5. As can be seen, all the calculated earthquake loadings
were below the cyclic strength curve of samples with 95% relative density which is the typical
relative density in the field based on the subsurface investigation information. In other words, the
cyclic loading caused by the design earthquakes was lower than the cyclic strength of the fly ash

material. The factor of safety depends on the density, CSR and initial confining pressure.
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3.2.2 Initial and Post Liquefaction CU Tests

Table 3.6 presents a summary of post liquefaction undrained shear test results. In order to
perform post-liquefaction CU tests, efforts were made to stop the cyclic tests as soon as the
liquefaction occurred to prevent excess sample deformation. However, as shown in Table 3.6,
there were six cases when liquefaction happened so dramatically that the sample was severely

deformed and it had to be discarded because it was too much deformed to conduct a CU test on it.

The post-liquefaction CU test was performed after the sample was re-consolidated at the initial
effective confining stress. In one case (Sample 95C-50-10) sample pore water pressure increased
by 5 psi with closed drainage lines before the beginning of undrained shear test. This increase is
likely caused by secondary consolidation of the sample under relatively high effective pressure
of 50 psi. In general, for most cases the pore water pressure slightly increased (1 psi or less)
within 2 to 3 minutes after the drainage lines were closed. Figures 3.6 and 3.7 show examples of
two typical deviator stress versus axial strain trends for these samples. The first trend shows a
clear initial peak in shear strength at relatively low axial strains (less than 2%). At relatively high
axial strains, the shear strength exhibited an increasing trend and it often exceeded the initial
peak. The second one does not have a clear peak point and as the axial strain increases the excess
pore pressure becomes negative. This trend was commonly observed for samples with higher

confining pressures or samples with higher relative density.
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Figure 3.6 Post liquefaction undrained shear test for sample 95C-20-13. (The deviator stress

versus axial strain curve shows a peak at relatively low axial strain. For high axial strains the

shear strength keeps increasing.)
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Figure 3.7 Post liquefaction undrained shear test for sample 95C-50-10. (The deviator stress

versus axial strain curve does not show a clear peak.)
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Table 3.6 also shows the maximum shear strain each sample had experienced during cyclic
loading or after the cycles was stopped and the load frame piston returned to the reference
position (seating load), as well as the total number of cycles applied. It should be mentioned that
the total number of cycles may be greater than the number of cycles to liquefaction presented in
Table 3.5 because in most cases cyclic loading was continued for a few cycles after liquefaction

point.

Initial Undrained Shear Strength versus Post Liquefaction Shear Strength

Table 3.6 presents a summary of post liquefaction undrained shear test results. Table 3.7 shows
initial undrained shear strengths for samples which were not exposed to any cyclic loading
(before earthquake condition). Comparison of the values presented in the two tables indicates
that in most cases the static undrained shear strength have moderately to highly increased after
liquefaction. However there are some exceptions, namely 95C-20-20 and 95C-20-18. For those
samples with an initial peak (the pattern presented in Figure 3.5), the post-liquefaction shear
strength exhibited an increasing trend for high axial strains, whereas the initial shear strength of

the samples approached a residual value and remained almost constant.

Influence of Cyclic Test Variables on Post Liquefaction Shear Strength

The pouring method resulted in samples with significantly higher post liquefaction shear strength.
Recall from the previous section that these samples did not liquefy. As expected, the shear
strength of the samples prepared by wet tamping increases as the initial compaction degree
increases. In general the undrained shear test results exhibit a large scatter, making it difficult to

find a trend between testing conditions and post-liquefaction shear strength values.

31




"170da1 3y} JO UOISIAA [euly oY) Ul pajo[dwion aq [[1m s)nsarisa], :ajoN L

0c as
-0¢-0s01l
WAL ¥S'0 Sl (4" 96 %80 16'¢ 0¢ no
-02-056
0c no
-02-006
0¢ no
-06-068
Ammﬂmv Amva Amva (isd) Amva ureng A_mﬁmv A—mA—v ISa ]
ny Ly ny L3 ny ey -duio)y 2 03 J01I 1
; ax ordweg
LR NR B
urens [eIXy %01 UFB.NS [BIXY 9,6 Sua1S 1eayS Heog peld

13uda)S Jeays paulelpuy)

1synsay 183, Jeayg paureipun) entu jo Areurung /°€ 9[qelL

32



Chapter4  Summary and Conclusions

4.1 Summary

In this study, the liquefaction potential of impounded fly ash material was investigated. Eighteen
cyclic triaxial tests (ASTM D5311) were performed on reconstituted samples with different
relative density, confining stress, and shear stress ratio. The cyclic shear strength of the fly ash
material was presented graphically in terms of cyclic strength curves which show the relationship
between density, cyclic stress amplitude, and number of cycles to liquefaction. After cyclic
triaxial tests, most of the samples were reconsolidated to the initial effective confining stress and
subjected to consolidated undrained (CU) triaxial tests (ASTM 4767) to determine the static
undrained shear strength of the fly ash. Additional four CU tests (one for each relative density)

were performed to determine the initial static undrained shear strength.

The design seismic loading in terms of cyclic stress ratio and equivalent number of cycles were
obtained from ground response analyses using SHAKE. The liquefaction potential of the fly ash
material was evaluated based on the comparison of the cyclic strength and design earthquake

loading.
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4.2 Conclusions

The following conclusions can be made based on the laboratory testing and numerical analysis

results:

1. The cyclic loading imposed by the design earthquakes was founded to be lower than the
cyclic strength of the fly ash material. The factor of safety depends on the dry unit weight,
cyclic stress ratio, and initial confining pressure.

2. The number of loading cycles to produce liquefaction decreases with increasing shear stress
ratio and with decreasing dry unit weight.

3. When the samples with the same dry unit weight were tested under the same cyclic stress
ratio, the samples with lower effective confining stress level demonstrated higher
liquefaction resistance.

4. Typically, the post-liquefaction strength was found to be higher than the initial strength when
the cyclic tests were stopped soon after liquefaction without excessive sample deformation.

5. The post-liquefaction undrained shear strength was found to be unrelated to the laboratory
testing conditions. This may be due to the inability of being able to stop further cyclic
loading right after liquefaction occurs.

6. Sample preparation method was also found to have great effect on the cyclic strength. The

samples prepared with wet pouring method exhibited higher liquefaction resistance.
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Appendix A

Laboratory Results
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Table A.1 Summary of Post Liquefaction Undrained Shear Test Results

. Confinin No. of Loadin .

Sample ID C Imtlal. Stress ® Shear S.tress Cycles to Frequen%y Compaction

ompaction . Ratio . Method

(psi) Liqu. (Hz)

85P-10-10 87% 10 10% N.L. 0.5 Pouring
85C-20-10 86% 20 10% 18 0.5 Wet tamp
85C-20-8 87% 20 7.5% >500 0.5 Wet tamp
85C-20-15 86% 20 15% 6 05 Wet tamp
85C-20-13 85% 20 13% 5 0.5 Wet tamp
90C-20-20 89% 20 20% 2 0.5 Wet tamp
95C-20-10  95% 20 10% 250 05 Wet tamp
95C-10-
20a 95% 10 20% 28 05 Wet tamp
95C-10-
20b 95% 10 20% 20 0.5 Wet tamp
95C-50-20 95% 50 20% 6 0.5 Wet tamp
95C-50-10 95% 50 10% 165 0.5 Wet tamp
95C-20-15 95% 20 15% 12 1 Wet tamp
95P-20-10 95% 20 10% N.L. 0.5 Pouring
95C-50-15 95% 50 15% 7 05 Wet tamp
95C-10-15 95% 10 15% 32 0.5 Wet tamp
95C-20-20 95% 20 20% 6 0.5 Wet tamp
95C-20-13  95% 20 13% 18 0.5 Wet tamp
105C-20-
20 104% 20 20% 20 0.5 Wet tamp
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Figure A.2. 85C-20-10 pore water pressure build up
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Figure A.3. 85C-20-10 cyclic displacement
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Figure A.4. 85C-20-15 cyclic loading
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Figure A.5. 85C-20-15 pore water pressure build up
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Figure A.6. 85C-20-15 cyclic displacement
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Figure A.7. 85C-20-13 cyclic loading
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Figure A.8. 85C-20-13 pore water pressure build up
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Figure A.9. 85C-20-13 cyclic displacement
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Figure A.10. 90C-20-20 cyclic loading
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Figure A.11. 90C-20-20 pore water pressure build up
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Figure A.12. 90C-20-20 cyclic displacement
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Figure A.13. 95C-20-10 cyclic loading. Cycles160 to 260 are presented
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Figure A.14. 95C-20-10 pore water pressure build up
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Figure A.15. 95C-20-10 cyclic displacement
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Figure A.16. 95C-10-20a cyclic loading
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Figure A.17. 95C-10-20a pore water pressure build up
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Figure A.18. 95C-10-20a cyclic displacement
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Figure A.20. 95C-10-20b pore water pressure build up
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Figure A.21. 95C-10-20b, Cyclic displacement
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Figure A.22. 95C-50-20 cyclic loading
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Figure A.23. 95C-50-20 pore water pressure build up
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Figure A.24. 95C-50-20 cyclic displacement
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Figure A.25. 95C-50-10 cyclic loading
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Figure A.26. 95C-50-10 pore water pressure build up
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Figure A.27. 95C-50-10 cyclic displacement
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Figure A.28. 95C-20-15 cyclic loading
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